The glass-forming ability (GFA) of an Fe 76 Si 9 B 10 P 5 bulk metallic glass (BMG) was evaluated thermodynamically with commercial software, Thermo-Calc, with Fe-base database, TCFE7 by utilizing its best ability to deal with equilibrium phases. The Fe 76 Si 9 B 10 P 5 BMG was selected because it is the simplest Fe-rich BMG belonging to Fe-metalloid type with the greatest sample dimensions. A possible reason for the presence of intermediate equilibrium phases to degrade GFA of the Fe 76 Si 9 B 10 P 5 was discussed. The results revealed that the Fe 76 Si 9 B 10 P 5 BMG is characterized by near eutectic composition in the Fe-rich Fe-Si-B-P quaternary system and by the simultaneous presence of Fe 3 P and absence of Fe 2 B phases in equilibrium at a range below the solidus-to the glass-transition temperatures. The analysis of Fe 76 (Si,B,P) 24 alloys for equilibrium phases revealed that the Fe 2 P phase can degrade GFA of the Fe
Introduction
In the last two decades, bulk metallic glasses (BMGs) have achieved a significant progress in their academic, scientific and engineering knowledge as well as applications. 1) These progresses have been supported by a contentious finding of a bunch of new BMGs and their modifications in terms of alloy components and compositions. Today, one can list a variety of BMGs in Zr-, La-, Fe-, Mg-, Pd-, Pt-, Cu-and Ca-based systems and others, but these BMGs are simply classified into seven classes according to the authors' previous reports: 2, 3) (C-1) Zr-and La-based, (C-2) Fe-ETM (Early-Transition Metal) base, (C-3) Fe-(Al,Ga) base, (C-4) Mg-based, (C-5) Pd-and Pt-based (C-6) LTM (Late-Transition Metal)-based, and (C-7) Ca-based BMGs. Of these seven classes of BMGs, Fe-based BMGs had been involved into C-2 and C-3. For instance, the representative Fe-based BMGs can be (Fe 44. 3 6) with d c = 1 mm in C-3. Here, it should be noted that Fe-based BMGs in C-2 merely contain Fe as a principal element with a content less than 50 at%. As exceptions, BMGs in C-2 also contain Fe-rich BMGs, such as a Fe 72 Y 6 B 22 BMG, but its d c is as small as 1 mm. 7) Thus, it is widely-accepted that Fe content is incompatible with d c and glass-forming ability (GFA); the higher the Fe content, the lower d c as well as GFA.
Recently, Makino et al. 8) have reported that an Fe 76 Si 9 -B 10 P 5 (at%) alloy can be formed into a BMG with d c = 2.5 mm. The Fe 76 Si 9 B 10 P 5 BMG barely satisfies a definition of BMGs that is metallic glasses with sample thickness of a couple of millimeters or more. In reality, d c = 2.5 mm of the Fe 76 Si 9 B 10 P 5 BMG is not as large as those of Fe-based BMGs in C-2 reaching to the centimeter. In contrast, d c = 2.5 mm is nearly the same grade to those of the Fe 72 Al 5 Ga 2 P 11 C 6 B 4 BMG 6) and Fe 72 Y 6 B 22 BMG 7) due to the incompatible nature in terms of Fe content and d c mentioned above. The purpose of the present study is to evaluate the effects of the equilibrium phases on GFA of the Fe 76 Si 9 B 10 P 5 BMG thermodynamically.
Methods
Methodology principally includes commercial software, Thermo-Calc Ver. 3.1, accompanied by TCFE7 database for Fe-based alloys. The applicability of TCFE7 database for the Fe rich Fe-Si-B-P system was examined in advance where the results are described in APPENDIX. Besides, there remain unclear aspects for the crystallization phases of the Fe 76 Si 9 -B 10 P 5 BMGs. Thus, the authors alternatively refer to a report of an Fe 80 P 12 B 4 Si 4 glassy alloy annealed at 823 K for 600 s, 11) indicating the crystallization into bcc-Fe + Fe 2 B + Fe 3 B + Fe 3 P + FeP. This report made the authors to focus on Fe 2 B and Fe 3 P as well as Fe 2 P from equilibrium intermediate phases. However, a metastable Fe 3 B was omitted in the present study, since the Fe 3 B phase in Fe-B binary and in multicomponent system cannot be dealt with Thermo-Calc Ver. 3.1, with TCFE7 database. The effect of the Fe 3 B phase on GFA will be described in Sec. 3 (Results and Discussion) at the last paragraph. Eventually, the authors decided to evaluate the effects of the equilibrium intermediate phases on diminishing GFA of the Fe 76 Si 9 B 10 P 5 BMGs. The Fe 76 Si 9 -B 10 P 5 alloy was assessed for Scheil solidification simulation and calculations of single point equilibrium and phase diagrams. The TCFE7 database makes it possible to deal with elements from H, B, C, N, O, Mg, Al, Si, P, S, Ar, Ca, Ti to Cu, Zr to Mo, Ta and W. The prototypical phases assessed in the present study are summarized in Table 1 , which were automatically determined in the software for the Fe-Si-B-P system. These all phases in Table 1 were taken into account in the present study. The actual calculations were performed with Thermo-Calc Ver. 3.1 under its graphical mode as well as console mode, the latter of which makes it possible to perform calculations under complicated conditions, such as a vertical section equilibrium phase diagram to connect pure Fe and the Fe 76 Si 9 B 10 P 5 alloy composition. Besides, crystallographic analysis were also performed by referring to commercial software, Pearson's crystal data. 12) A preliminary study in terms of solubility of elements revealed that BCC A2, BM, FCC A1, M 2 B Tetr. (Tetragonal), M 2 P and M 3 P phases that frequently appear in the analysis were bcc-Fe(Si), FeB, fcc-Fe(Si), Fe 2 B Tetr., Fe 2 P and Fe 3 P, respectively. For the most part below, the bcc-Fe(Si), fccFe(Si) and Fe 2 B Tetr. are simply described as bcc-Fe, fcc-Fe and Fe 2 B, respectively.
Results and Discussion
The analysis started with evaluating a liquidus temperature (T l ) of the Fe 76 Si 9 B 10 P 5 alloy because of the following reasons. First, T l is an equilibrium temperature that can truly be dealt with thermodynamic software. Second, T l is an important quantity frequently used for evaluating GFA as reduced glass transition temperature (T g /T l ) where the glass transition temperature (T g ) is normalized with T l . The experimental data of T l of the Fe 76 Si 9 B 10 P 5 alloy was not directly described in the previous report, 8) but the following sets of temperatures and indices measured help to evaluate T l in the present study. The temperatures and indices measured given in literature 8) are T g = 780 K, T g /T l = 0.62, supercooled liquid range defined by ¦T x (= T x ¹ T g ) = 52 K with the crystallization temperature (T x ) and a value of £ parameter defined as £ = T x /(T g + T l ) = 0.41. Specifically, T l = 1258 K was obtained by simple operation from T g /T l , T g = 780 K and T g /T l = 0.62. Besides, another literature by Chang et al. 13) for studying (Fe 0.76 Si 0.09 B 0.1 P 0.05 ) 100¹x Nb x indicated that T l = 1339 K for Nb-free alloys with x = 0. On the other hand, the present study with using Thermo-Calc gave T l = 1456.5 K and £ value = 0.372. Thus, the present calculation tends to overestimate T l approximating 100 K higher to the experimental data. 13) Actual assessments started with reproducing tendencies of the Fe 76 (Si x B y P z ) 24 alloys in terms of ¦T x and d c experimentally determined 8) as shown in Fig. 1 . Figure 1 demonstrates the changes in (a) ¦T x and (b) d c of the Fe 76 (Si x B y P z ) 24 alloys where x, y and z are fractions of elements holding a relationship, x + y + z = 1. The BMG compositions marked with open circles exhibit a tendency that ¦T x increases from 30 to 50 K and d c from 1 to 2.5 mm with simultaneous increasing y (decreasing z) and with keeping x ³ 0.375 (9 at%Si). The compositional tendency of d c and ¦T x suggests that B and P elements denoted by their fractions y and z, respectively, are compensated each other for GFA in the Fe 76 (Si x B y P z ) 24 alloys. This tendency is validated by the vertical section phase diagram shown in Fig. 2 , which was calculated for Fe 76 Si 9 B x P 15¹x (x = 0 to 15 at%) alloys Table 1 The prototypical phases for assessing Fe-Si-B-P alloys from TCFE7 database as a default. Fig. 2 ) is the shift of the phase equilibrium from (2) to (1), since T l does not change considerably with decreasing y. In other words, it is possible that the presence of the Fe 2 P phase in equilibrium (1) could degrade the GFA of the Fe 76 Si 9 B x P 15¹x alloys. This is supported by the other phase diagrams of the Fe 76 (Si x B y P z ) 24 alloys shown in Fig. 3 where the phase equilibria were computed at (a) T = 1500 K and (b) T = T g = 780 K. The T l lines are plotted in Fig. 3(a) where the area for liquid covers d c = 1 mm. Furthermore, the phase equilibria at T = T g in Fig. 3(b) indicate that the area surrounded by contour-line for d c = 1 mm are placed in the phase equilibria containing the Fe 3 P and Fe 2 P phases, but that for d c = 2.5 mm are only in the phase equilibrium without the Fe 2 P phase. These results gave a necessary condition for the formation of BMGs that the Fe 2 P phase degrades the GFA in the Fe-Si-B-P alloys in casting. The details of the effects of the Fe 3 P and Fe 2 P phases on GFA will be discussed later by referring to the crystallographic features of the phases. Then, the authors investigated the solidification of the present alloy by utilizing Scheil scheme, which can be regarded as a conventional solidification model. The selection of Scheil solidification simulation is due to the fact that the present alloy in a class of BMGs should possess rather small critical cooling rate (R c ) for the formation of a glassy phase than the conventional metallic glasses with extremely high R c ³ 10 6 /s. The analysis with Scheil solidification simulation equipped in Thermo-Calc is shown in Fig. 4, indicating L + bcc-Fe + Fe 2 B + Fe 2 P ¼ L + bcc-Fe + Fe 2 B + Fe 2 P + Fe 3 P. The temperatures to start and complete solidification were calculated to be 1456.5 K and 1308.7 K, respectively, which give upper-and lower limits in Y-axis in Fig. 4 . Here, it should be noted that these upper-and lower-temperatures evaluated with Scheil solidification simulation that deals with a non-equilibrium states could be rather close to T l and T m for equilibrium states, respectively, because of the small R c of the present alloy. In general, equilibrium solidus temperature can shift to lower temperature side in case of including segregations or performing rapid solidification. However, the present study focuses on the equilibrium solidus temperature, since the Fe 76 Si 9 B 10 P 5 alloy has ability to form into BMG as slow close to the equilibrium solidification. The simulation results shown in Fig. 4 exhibit that the first crystallization phase is Fe 2 B, followed by a bcc-Fe phase in equilibrium of L + bcc-Fe + Fe 2 B that mainly occupies temperature ranges between T l to T m . Scheil solidification simulation result given in Fig. 4 was more precisely analyzed in a wide temperature range, in particular, at lower temperatures than T m for the equilibrium phases and their mole fraction (³ volume fraction) of the Fe 76 Si 9 B 10 P 5 alloy. The results shown in Fig. 5 , which are in equilibrium, exhibit that the first crystallization phase is Fe 2 B phase, followed by the bcc-Fe as the second crystalline phase. At T m = 1308.7 K, the remaining liquid phase vanishes due to eutectic reaction and was compensated by the precipitations of Fe 2 P and Fe 3 P phases. At lower temperature than T m , the Fe 2 P phase became an equilibrium phase, but disappeared at T = 1248.9 K for about 40 K just below T m . Figure 5 shows that at low temperature reaching 500 K bcc-Fe occupies mole fraction ³ 0.5 against the remaining phases of Fe 2 B ³ 0.3 and Fe 3 P ³ 0.2. The decreasing fraction of the Fe 2 P phase from T m to T = 1248.9 K was principally consumed by the increasing fraction of the Fe 3 P phase accompanied by a slight increase in bcc-Fe fraction. The presence of the Fe 2 P phase at only a small temperature interval of about 40 K below T m should contribute to increasing GFA of the Fe 76 Si 9 B 10 P 5 BMG, since the results shown in Fig. 3 demonstrate that the Fe 2 P phase degrades GFA. The further analysis was carried out to clarify the compositions of the equilibrium phases of the Fe 76 Si 9 B 10 P 5 alloy at T = 500 K. As summarized in Table 2 , it was found that BCC A2 phase can be a solid solution as bcc-Fe(Si) with a composition ³ 82 at%Fe and 18 at% Si, together with considerably small amounts of B and P under ppm order, whereas M 2 B Tetr. and M 3 P can be regarded as Fe 2 B and Fe 3 P phases, respectively, without extra components. The results summarized in Table 2 enable us to assume that the bcc-Fe(Si) phase with contents of ³82 at%Fe and 18 at% Si can be a candidate as the first crystallization phase. This assumption is partially supported by a report by Yoshizawa 14) for an Fe 73.5 Cu 1 Nb 3 Si 3.5 B 9 alloy (FINEMET) with nearly the same Fe content to that of the Fe 76 Si 9 B 10 P 5 BMG. According to Yoshizawa, Si as well as B dissolves in the bcc Fe phase from the analysis for the lattice constants from X-ray diffraction data. However, the assumption in the present study contains the following two uncertainties. First, the crystallization might not always take place in along with the tie-line in a multicomponent alloy system. Second, the bcc-Fe(Si) phase crystallized form an amorphous phase is not always in the one in the equilibrium phase. The authors did not perform further researches regarding this issue, since it is out of the purpose of the present study. Instead, two kinds of possible vertical section phase diagrams were calculated to exhibit the possible kinetics of the crystallization of bcc-Fe at T = T x . Figure 6 (a) is the vertical section phase diagram calculated to connect Fe 82 Si 18 to Fe 76 Si 9 B 10 P 5 alloy compositions, whereas Fig. 6(b) is the one to connect pure Fe and Fe 76 Si 9 B 10 P 5 alloy compositions. These vertical section phase diagrams are common in that both have phase equilibrium comprising bcc-Fe + Fe 2 B + Fe 3 P at the Fe 76 -Si 9 B 10 P 5 composition at low temperatures and that the Fe 76 Si 9 B 10 P 5 composition is located near a eutectic composition in the Fe-Si-B-P system. Comparison between Figs. 6(a) and (b) revealed that the Fe 76 Si 9 B 10 P 5 composition is located in Fig. 6(a) at the center of the area for the equilibrium bcc + Fe 2 B + Fe 3 P, whereas in Fig. 6(b) at its edge. In Fig. 6(b) , the Fe 76 Si 9 B 10 P 5 composition is located just nearby another equilibrium bcc-Fe + Fe 2 B + Fe 2 P + Fe 3 P. An explanation for this consideration is due to a report 15) that a crystalline phase with complex crystallographic structure hard to crystallize from a melt and the nose position of C-curve for the crystalline phase in T-T-T diagram shifts to longer time direction. Thus, the crystallographic analysis was performed for the Fe 3 P and Fe 2 P phases. Table 3 summarizes crystallographic data of the Fe 3 P and Fe 2 P phases acquired from Pearson's crystal data.
12) The data indicate that the Fe 3 P phase contains 32 atoms in the unit cell, which is larger than the Fe 2 P phase with 9 atoms only, resulting in greater lattice constant nearly 1 nm is given in an a-axis for the Fe 3 P phase. The smaller number of atoms in the unit cell for Fe 2 P than Fe 3 P suggests that the Fe 2 P is relatively easy to crystallize from a melt. The coordination surroundings around P atom as shown in illustrations in Table 3 exhibit that neither Fe 3 P nor Fe 2 P phase contains icosahedral clusters with (CN) = 12 denoted by 12 5 .0 , which is widely-accepted as an essential cluster for enhancing GFA in some of metastable phases, such as Fe 23 B 6 phase in case of including Nb 16) from ETM and C 17) to Fe-Si-B-P-Cu. Another metastable phase to enhance GFA of the Fe-based BMGs could be Fe 3 B, 18) which plays a role to form network structure by sharing edges or vertices of the trigonal prism. Thus, in the present study the Fe 23 B 6 phase is neglected because of the ETM-and C-free nature of the Fe-Si-B-P system, and the Fe 3 B is also omitted due to the positive effect to enhance the GFA. In this sense, it is expected that the types of clusters included in the unit cell of the Fe 2 P and Fe 3 P are not 12 5 .0 and hardly affect the GFA. The results obtained in the present study suggest that the GFA of the Fe 76 Si 9 B 10 P 5 BMG is partially affected by the precipitation of the Fe 2 P equilibrium phase with a small number of atoms in its unit cell.
Conclusions
The glass-forming ability (GFA) of an Fe 76 Si 9 B 10 P 5 alloy from the simplest Fe-metalloid type of bulk metallic glass (BMG) was thermodynamically evaluated with commercial software. The effects of intermediate phases on degrading GFA were examined by utilizing the best ability of ThermoCalc software with Fe-base database (TCFE7) for equilibrium phases. The analysis revealed that the Fe 76 Si 9 B 10 P 5 BMG is near eutectic composition in the quaternary system and is accompanied by an Fe 3 P phase in equilibrium near glasstransition temperature. The further analysis of Fe 76 (Si,B,P) 24 alloys revealed that GFA is affected by the absence of Fe 2 P phases in equilibrium, which indirectly explains a relatively high GFA of the Fe 76 Si 9 B 10 P 5 alloy for Fe-metalloid type BMG. The crystallographic simplicity of the Fe 2 P than Fe 3 P phase has a possibility to degrade the GFA of the Fe 76 Si 9 B 10 P 5 alloy.
The following describes the evaluations of applicability of TCFE7 database for the Fe 76 Si 9 B 10 P 5 alloy. The TCFE7 database possesses shortcomings 19) in case of applying to the Fe-Si-B-P alloy. First, TCFE7 provides the recommended composition limits of elements 19) for sensitive calculations. In addition to Fe-minimum of 50 mass%, the limits are "Trace" for B and P and 5.0 mass% for Si where "Trace" implies the amounts in ppm order. Here, it should be noted that some calculations will still give good results for alloys with some alloying elements that exceed their limits considerably. Second, many intermediate compounds that do not occur in steels/Fe-alloys have been deleted from the database, indicating that it is not suitable to calculate complete binary and ternary systems, but rather only in the iron-rich corner. 19) These shortcomings request us to evaluate Fe-rich binary and ternary alloys for their phase diagrams in advance, since the Fe 76 Si 9 B 10 P 5 alloy (at%) corresponding to Fe 89.17 Si 5.31 B 2.27 P 3.25 alloy (mass%) has compositions of solute elements all exceeding the these recommended Lattice constants a = 0.9090 nm, c = 0.4446 nm a = 0.5852 nm, c = 0.3453 nm P-centered coordination CN = 9 C N = 9
The coordination surroundings around P atom composition limits. The applicability of TCFE7 to the Fe 76 Si 9 B 10 P 5 alloy was examined by checking the reproducibility of phase diagrams of Fe-based binary 20) and ternary 21) alloys shown in Fig. A1 . The calculated results for the Febased binary phase diagrams shown in A1(b), (d), (f ) revealed that the TCFE7 gives appropriate results for the Fe-B and Fe-P binary phase diagrams at their Fe-rich side shown in A1(c), (e), respectively, whereas A1(b) gave slightly smaller solubility limit of Fe 3 Si phase by a couple of at% Si for the Fe-Si binary phase diagram for A1(a). As for the ternary phase diagrams, the authors refer to experimental data of Fe-Si-B at 1173 K, Fe-Si-P at 298 K and Fe-B-P at 1273 K, which are drawn in broken lines in A1(g), (h) and (i), respectively. Here, the solid lines express the calculated ones. Besides, a further calculation was performed for an eutectic reaction designated by E 6 for Fe 76. 6 were also neglected in the present study. The calculation results of ternary Fe-Si-B, Fe-Si-P and Fe-B-P ternary phase diagram revealed that the calculations with TCFE7 gave appropriate results for Fe-Si-B and Fe-Si-P, but not for Fe-B-P system. A reason for unsatisfactory calculation results for Fe-B-P is due to the absence of Fe 9 B 2 P phase with a stoichiometry of Fe 3 (B 2/3 P 1/3 ), which lies on the Fe-B side at 75 at% in the Fe-B-P ternary phase diagram. On the other hand, the eutectic temperature designated as E 6 : L ←¼ Fe 2 Si(HT1) + Fe 3 P + FeSi was calculated to be 1272 K when these crystalline was selected in advance in the calculation. This calculation result exhibits good agreement with T l = 1291 K from the phase diagram. 21) The another calculation of T l without designating the above crystalline phases but considering all possible ones gave T l = 1444 K for an equilibrium between liquid and bcc-Fe phases. Thus, there remains uncertainty for reproducibility of phase diagrams, in particular, for the Fe-Si-P ternary system. On the basis of these preliminary examinations, the authors analyzed the GFA of the Fe 76 Si 9 B 10 P 5 alloy by utilizing the best ability to deal with equilibrium phases that can be evaluated with TCFE7.
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